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ORIGINAL CONTRIBUTION

Lateralized Human Brain Language Systems
Demonstrated by Task Subtraction Functional
Magnetic Resonance Imaging

Jeffrey R. Binder, MD; Stephen M. Rao, PhD; Thomas A. Hammeke, PhD; Julie A. Frost;
Peter A. Bandettini; Andrzej Jesmanowicz, PhD; James S. Hyde, PhD

Objective: To develop a procedure for noninvasive mea-
surement of language lateralization with functional mag-
netic resonance imaging (MRI).

Design: Functional neuroimaging using time-series echo-
planar MRL

Setting: University medical center research facility.
Subjects: Five healthy, right-handed, young adults.

Main Ouicome Measures: Number of MRI voxels in
left and right hemispheres showing task-related signal
increases during two contrasting auditory processing tasks.
The nonlinguistic task involved processing of pure tones,
while the linguistic task involved processing of single

Resul#s: The pure-tone processing task activated tem-
poral lobe auditory areas and dorsolateral frontal re-
gions bilaterally. Using this task as a control condition,
the semantic processing task resulted in lateralized
activity in distributed regions of the left hemisphere. A
significant effect of task on intrahemispheric activity
pattern was demonstrated in every subject. Results
were reproduced in preliminary studies of test-retest
reliability.

Conclusions: The results demonstrate the lateralized
anatomy of semantic linguistic systems in contrast to non-
linguistic auditory sensory processors and introduce a
task subtraction technique adapted for functional MRI
as a noninvasive measure of language lateralization.

words based on semantic content.

(Arch Neurol. 1995:52:593-601)

From the Departments of
Neurology (Drs Binder, Rao,
and Hammeke and Ms Frost)
and Biophysics (Mr Bandettini
and Drs Jesmanowicz and
Hyde), Medical College of
Wisconsin, Milwaukee.

UNCTIONAL neuroimaging
using positron emission to-
mography (PET) has dra-
matically increased our un-
derstanding of language
organization in the human brain. A ma-

jor advance in this area followed the in-

troduction and widespread use of a “sub-
traction” method for PET designed to
identify brain structures specifically asso-
ciated with particular cognitive pro-
cesses.! The subtraction method com-
pares blood flow maps generated under
separate behavioral conditions that share
some task requirements while differing in
others. Subtraction of one map from an-
other demons[ra[es [hOSﬁ structures ac-
tive during one task but not the other, re-
flecting differences in processing
requirements between tasks. Using appro-
priate conditions, functional activity as-
sociated with early sensory processing and
motor movement can be removed from the
image, allowing the identification of re-
gions associated with intermediate pro-
cessing stages.'”

Magnetic resonance imaging (MRI)

during brain activation, herein referred
to as functional magnetic resonance
imaging (FMRI), is a new technique for
measuring MRI signal changes associ-
ated with alterations in local cerebral
blood oxygenation levels.>!* In explain-
ing these changes, previous investi-
gators have suggested that an increase
in blood flow and oxygenation at the
capillary venous level in metabolically
active tissue'? leads to decreased intra-
voxel dephasing, resulting in increased
MRI signal in T,- and T,*-weighted
images.®*'%* The FMRI method mea-
sures these event-related signal changes
over time by acquiring a sequential
series of images at the same tissue loca-
tion. Although previous FMRI studies
have examined only the signal changes
occurring between active and resting
states, it should be possible to measure
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SUBJECTS AND METHODS

Subjects were three women and two men, aged 23 to 27
years, who had no neurologic symptoms, auditory symp-
toms, or known illness (Table 1). Edinburgh Handed-
ness Inventory laterality quotients® ranged from 75 to 100,
indicating strong right hand preferences. Subjects were re-
cruited on a voluntary basis, gave written informed con-
sent according to institutional guidelines, and were paid a
small hourly stipend. All studies received prior approval
by the institutional human research review committee.

APPARATUS AND SCANNING PROCEDURES

Imaging was performed at 1.5 T (General Electric Signa
scanner) using three-axis head gradient and elliptical
endcapped quadrature radiofrequency coils. A blipped
gradient-echo, echo-planar sequence was used, with
echo time of 40 milliseconds, repetition time of 3 sec-
onds, field of view of 24 em, matrix of 64X64, slice
thickness of 10 mm, and voxel dimensions of
3.75X3.75X10 mm. At the time this study was con-
ducted, scanner capabilities permitted simultaneous
scanning of two brain slices. Symmetric sagittal slices of
the left and right hemispheres were obtained, centered at
positions 13 mm or 23 mm medial to the most lateral
point of the temporal lobe on each side. Sequential
images of each slice were collected concurrently by
interleaving left- and right-sided acquisitions. Scanning
also included acquisition of high-resolution anatomic
images for localization purposes, located at the same
plane and center position as the echo-planar images,
using either a gradient recall at steady state or fast spin-
echo sequence.

Each 138-image echo-planar series consisted of mul-
tiple periods of baseline, during which subjects rested or
performed a “control” task, alternating with periods of ac-
tivation, during which a contrasting “probe” task was per-
formed (Figure 1). Subjects were scanned with eyes closed
and room lights extinguished. Fach series began with 10
images at rest (30 seconds) allowing MRI signal equilib-
rium to be reached, followed by 128 images during which
activation alternated with baseline every 24 seconds (48 sec-
onds per cycle, 16 images per cycle, eight cycles). Back-
ground scanner noise was constant through all baseline and
activation periods. Stimuli were 16-bit digitally recorded
pure tones and speech sounds that were presented at pre-

cise intervals using a computer playback system, ampli-
fied near the scanner using a magnetically shielded trans-
ducer system, and delivered to the subject via air conduc-
tion through a 180-cm length of paired plastic tubes. The
tubes provided binaural stimulation through tightly fit-
ting occlusive ear inserts that attenuated ambient scanner
noise by 20 dB sound pressure level (SPL). Stimulus am-
plitude, which remained constant across all subjects, av-
eraged 100 dB SPL for all tone and speech stimuli. Peak
amplitude of the background scanner noise, which re-
mained constant through all baseline and activation peri-
ods, was approximately 75 dB SPL after attenuation by the
ear inserts. Subjects reported that the activation stimuli were
subjectively louder than the background scanner noise.

ACTIVATION TASKS

Processing for simple acoustic information was tested
using a pure-tone discrimination task (“tone monitor-
ing”). In this task, subjects heard brief, clustered
sequences of three to seven tones in which each con-
stituent tone had either a low (500 Hz) or high (750 Hz)
pitch. A response, consisting of briefly lifting the left
index finger, was required for any sequence containing
two tones ol high pitch. Processing for semantic infor-
mation was tested using a semantic decision task (“se-
mantic monitoring”). In this task, subjects heard spoken
English nouns designating animals (eg, “squirrel”) and
were required to respond with their left index finger
according to specified semantic criteria. Criteria were
that the animal named be both “native to the United
States” and “commonly used by humans for food, cloth-
ing, or other purposes.” The two tasks were matched for
stimulus intensity (100 dB SPL), average stimulus dura-
tion per trial (0.75 seconds), average trial duration (3
seconds), and [requency of positive targets (one target
per 8 seconds). Subjects received instructions and brief
practice sessions with each task prior to entering the
scanner.

Two task combinations were imaged. In the tone moni-
toring—rest subtraction, subjects performed the tone moni-
toring task eight times with eight intervening periods of
rest. In the semantic monitoring—tone monitoring subtrac-
tion, subjects performed the semantic monitoring task eight
times with eight intervening periods of tone monitoring.
Brain areas that are equally active during both conditions
were expected to show no signal change over time, whereas
areas that are relatively more active during one of the con-

changes occurring between two active states that differ
in a specific feature or set of features. Such changes
would reflect brain activity specific to one of the tasks,
and the regions showing such changes would be those
participating more actively in one task than in the
other. If feasible, this task subtraction technique could
provide a powerful tool for the investigation of cogni-
tive systems using FMRI.

We tested this method in a study of the anatomic
organization of two distinct auditory processing stages
with the aim of developing a noninvasive measure of

language lateralization. We hypothesized that the pro-
cessing of nonspeech sounds for elementary acoustic
information (eg, pitch) would result in activity con-
centrated in unimodal auditory cortex bilaterally. In
contrast, processing of speech sounds for semantic
information was predicted to involve additional het-
eromodal areas in left frontal and posterior temporo-
parieto-occipital cortices.">">!” Tasks were designed to
control for nonlinguistic performance functions,
including arousal, sustained attention, working
memory, and motor response formation.
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ditions should show signal enhancement that is tempo-
rally correlated with this condition (Figure 1). Areas acti-
vated by different conditions should show signal changes
that are directly out of phase with one another.

Each subtraction was performed twice in each sub-
ject to obtain data from both lateral (13 mm from the
temporal surface) and medial (23 mm from the temporal
surface) slices. To test reproducibility of the response,
subjects 1 and 3 had repeat testing of the semantic
monitoring—tone monitoring condition for both sets of
slices. Because of time limitations, subjects 1 and 3 did
not have imaging of the medial slice during the tone
monitoring—rest procedure. To test reproducibility across
scanning sessions, subject 2 was tested again with the
same tasks in a session 6 months later. The order of
imaging for the slice combinations and tasks was varied
randomly across subjects.

IMAGE ANALYSIS

Identification of voxels showing temporally correlated
task activation was accomplished using the correlation
technique described by Bandettini et al.! This method
measures the correlation between a reference time series
function and the time series data from each voxel. A pre-
vious analysis of the voxel data obtained in this study
demonstrated considerable regional variation in tempo-
ral characteristics of the induced signal changes,? a situ-
ation that complicates the choice of a reference function
for calculating the correlation. As shown in Figure 2
(parts B and C), variability is present both in the latency
preceding onset of signal change and in the rapidity with
which signal changes are completed. To compensate for
this variability, the correlation analysis was performed
using two discontinuous square waves as reference func-
tions (Figure 2, D). The discontinuity in the functions
signifies that data points at these locations were not con-
sidered in the correlation computation.

These discontinuities were located at rise and fall
points on the activation waves, thus minimizing variabil-
ity in rise and fall rates as a factor influencing the corre-
lation. To minimize the effects of variability in onset
latency, the two reference functions were time shifted by
one data point (3 seconds) relative to each other. For
each voxel, the best correlation obtained with either
reference function was used to determine significance.
Only those voxels correlating at r of .45 or greater were
considered significant. This cutoff corresponds to P

of less than 1072 a value selected to reduce the likeli-
hood of type I error owing to the large number of voxels
(approximately 1000 per image) considered in each
image analysis. This conservative threshold yields an
average probability of less than .01 that any voxel in the
entire image will exceed the threshold by chance alone.
Images representing the magnitude of stimulus-locked
signal change in these voxels were constructed by set-
ting the brightness of each voxel to K(rs), where s is the
SD of the voxel data (proportional to the magnitude of
signal change), and K is a scale constant.! For anatomic
localization, the brightness scale of the functional
images was converted to a polychromatic scale, and
functional images were superimposed on high-
resolution anatomic images of the same brain slices after
interpolating all images to 256X256.

In addition to the formation of functional images,
quantitative counts were made of the area of activity
(number of significantly active voxels) in each hemi-
sphere and in specific regions during each subtraction
procedure. Active voxels were defined as those showing
significant positive correlations with periods of probe
task performance. Intrahemispheric regions of interest
included the following: (1) the frontal lobe, defined as
all tissue rostral to the central sulcus and sylvian fissure:
(2) the superior temporal gyrus, defined as all temporal
lobe tissue within or superior to the superior temporal
sulcus as far posterior as the termination of the sylvian
fissure; and (3) temporo-parieto-occipital heteromodal
cortex, defined as all temporal, temporo-occipital, or
parietal tissue below the superior temporal sulcus,
behind the sylvian fissure or behind the postcentral sul-
cus. Mean area measurements for the five subjects were
compared for each hemisphere and for selected regions
of interest using paired two-tailed ¢ tests. The effect of
task combination on the interhemispheric distribution of
active voxels was tested individually for each subject
using the x? test.

PERFORMANCE ANALYSIS

Performance on the tone monitoring task was assessed
by calculating overall accuracy on all trials of this task.
Performance on the semantic monitoring task was
assessed by correlating the pattern of responses pro-
duced by each subject with mean responses to the same
stimuli produced by a group of 15 normal control
subjects.

— S

Overall performance accuracy exceeded 98% for the
tone monitoring task, and correlations between indi-
vidual and group mean responses on the semantic
monitoring task were high (r=.60), indicating that the
required tasks were performed and that subjects heard
stimuli clearly despite the background scanner noise
(see Table 1 for individual performance scores).
When compared with rest, the tone monitoring

task was associated with bilateral areas of significant
signal enhancement, concentrated in the superior tem-
poral gyri (STG) and lateral frontal lobes (Figure 1,
top; Figure 3, left). These areas included primary
auditory cortex of the transverse temporal (Heschl’s)
gyri and more distributed cortex on the dorsal STG
and the superior temporal sulcus in Brodmann’s area
(BA) 22. Enhancement was observed in every subject
in the dorsolateral frontal cortices bilaterally; this was
concentrated on the precentral and inferior frontal
sulci and was approximately symmetric in most sub-
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 Table 1. Subject Demographic and Performance Data*
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*1Q indicates handedness laterality quotient®: TM, tone monitoring; and
SM, semantic monitoring.

jects. Small bilateral foci of activity were also observed
in the inferior parietal lobes in subjects 1 and 3
through 5, and in the cerebellum in subjects 2, 4, and
5. Although the overall area of activity during the tone
monitoring task was greater in the right hemisphere in
subjects 2, 4, and 5, area measurements did not differ
significantly between hemispheres for the group as a
whole (Table 2). Restricting this comparison to
regions of interest in the frontal or superior temporal
lobe also produced no significant differences between
left and right hemispheres on this task.

A different pattern emerged when semantic moni-
toring was alternated with tone monitoring (Figure 1, bot-
tom; Figure 3, right). The bilateral STG activity ob-
served during tone monitoring (Figure 3, subject 1,
arrowhead) was almost entirely absent in the semantic-
tone subtraction, suggesting that these auditory areas were
equally active during both monitoring tasks. In con-
trast, large cortical regions of the left lateral frontal lobe,
including parts of BA 6, 9, and 44 through 47 (Figure 3,
subjects 1 and 2, long arrows), showed MRI signal en-
hancement that was specifically related to periods of se-
mantic monitoring performance. These active areas were
concentrated along the left inferior frontal and precen-
tral sulci, spreading more inferiorly and anteriorly than
the lateral frontal activity associated with tone monitor-
ing. Other left hemisphere foci temporally correlated with
semantic monitoring were observed in more posterior het-
eromodal areas, including the left middle temporal gy-
rus (BA 21; subjects 1,4, and 5), the parietotemporal cor-
tex of the angular gyrus (BA 39; subjects 1 and 3 through
5), and cortex at the lateral temporo-occipital junction
(BA 37 and 19; subjects 1, 2, and 4). Although the pre-
cise location and extent of these activated regions var-
ied from subject to subject, a general pattern of left lat-
eral frontal and left temporo-parieto-occipital heteromodal
activity was evident. Smaller and less intense foci were
observed in similar frontal and temporal regions of the
right hemisphere, particularly in subjects 3 through 5.

The total area of activity as measured by active
voxel counts was significantly greater in the left hemi-
sphere than in the right hemisphere during the seman-
tic monitoring—tone monitoring procedure (Table 2).
Significant regional lateralization to the left hemi-
sphere was also demonstrated in comparisons of left
and right frontal lobe activity (mean left=70.4; mean
right=9.6; P=.018) and left and right temporo-parieto-
occipital activity (mean left=36.4; mean right=3.2;

Tone Monitoring
Rest

Left STG

Left Frontal

Semantic Monitaring
Tone Monitoring

Left STG

Left Frontal

Time, min

Figure 1. Effecis of task subtraction on activation-induced signal changes.
Top, At the top are square wave deflections representing eight alternating
cycles of “rest” and “tone monitoring” activity. Below this are averaged
dala from a sample of voxels in the left superior temporal gyrus (57G) and
in the left lateral frontal lobe. The left STG shows signal changes that rise
during tone monitoring activity and fall during rest periods. Smaller and
less consistent changes are seen in the frontal lobe. Bottom, Alternation
between semantic monitoring and tone monitoring eliminates signal
fluctuations in the STG (same voxel sample as in top), presumably
because the STG is equally activated by both tasks. In contrast, the frontal
lobe shows signal changes that rise during semantic monitaring and fafl
during tone monitoring.

P=.011). A x* analysis of the left/right distribution of
activity in the two task combinations showed in every
subject highly significant task effects on interhemi-
spheric distribution (Table 2).

Areas color-coded blue in Figure 3 were more ac-
tive during the control condition of each procedure, which
for the left side of Figure 3 consisted of a “resting” state,
and for the right side of Figure 3 consisted of the tone
monitoring task. These inversely correlated areas were
typically small and of low intensity, and no consistent
foci were observed across subjects during either task. Ar-
eas that were occasionally correlated with rest during the
tone monitoring—rest procedure included the lateral fron-
tal lobe (subject 2), the STG (subjects 3 and 5), and tem-
poro-parieto-occipital regions (subjects 2, 3, and 5). The
largest of these foci, in subjects 2 and 5 (Figure 3, ar-
rowheads), were also areas that were activated by the se-
mantic monitoring task (Figure 3, right), raising the pos-
sibility that these subjects may have been “rehearsing”
the semantic monitoring task (ie, retrieving informa-
tion about animals) during rest intervals of the tone moni-
toring procedure. Areas correlating with the tone moni-
toring task during the semantic—tone subtraction (blue,
Figure 3, right) were located in the STG on either side
(all subjects), the right postcentral sulcus (subjects 1
through 3 and 5), the right frontal lobe (subjects 1 and
2), and the right temporo-occipital junction (subject 5).

Figure 4 illustrates the locations of positively
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Figure 2. Averaged signal changes and reference functions. A, Square
wave deflection indicating one cycle of probe and controf fask activity. 8,
Average normalized signal changes (three subjects) in the left superior
temporal gyrus during the tone monitoring—rest subtraction. Error bars
indicate 95% confidence intervals. C, Average normalized signal changes in
the left lateral frontal lobe during the semantic monitoring—tone monitoring
Subtraction. The latency to rise onset is longer, rise fo maximum slower,
latency to fall onset longer, and return to baseline slower than in B. D,
Two discontinuous square wave reference functions (black and gray) used
in the correlation analysis to identify active voxels.

correlated voxels from the test-retest comparisons in
subjects 1 through 3. The within-session comparisons
(top half of Figure 4) show reproducibility of the later-
alized frontal and posterior responses characterizing

Figure 3. Brain activation images in five subjects. For each subject, lateral
brain slices are placed above medial slices, and left and right slices face in
opposite directions. Activation during the tone monitoring—rest subtraction
is shown on the left half of the figure; activation during the semantic
monitoring-tone monitoring subtraction is shown on the right. Signal
Increases during the “probe” task (tone monitoring on left, semantic
monitoring on right) are coded in red-yellow; signal increases during the
“control” task (“rest” an left, tone monitoring on right) are coded in
blue-cyan. Cortical tissue is darker than white matter on the anatomic
images. Activation in superior temporal gyri bilaterally during tone
monitoring (arrowhead, subject 1) is eliminated in the semantic-tone
subtraction. Areas prominently activated during semantic monitoring
include the left lateral frontal lobe (long arrows, subjects 1 and 2), left
ventrolateral temporo-occipital junction (short arrows, subjects 1 and 2),
and left angular gyrus region (arrow, subject 5). Several foci active during
the rest state were also active during semantic monitoring (arrowheads,
subjects 2 and 5).

the semantic monitoring—tone monitoring subtraction,
although small variations are present. The across-
session comparisons in subject 2 (lower half of Figure
4) also suggest reproducibility of the response pat-
terns, both in the tone monitoring—rest procedure and
in the semantic monitoring—tone monitoring procedure.
Although an effort was made to replicate exact slice
locations across the two sessions with subject 2, slices
were not identical. Despite these small discrepancies,
laterality quotients were very similar across sessions
for both the tone monitoring—rest procedure (laterality
quotient for trial 1=—15; trial 2=—24) and for the
semantic monitoring—tone monitoring procedure (trial
1=94; trial 2=89). The X’ test again showed highly sig-
nificant effects of task condition on interhemispheric
activity distribution (x*<55; P<.001).

ARCH NEUROL/VOL 52, JUNE 1995

—ra ey



~ and Comparisons for Two Task Subfraction Procedures

 Table 2. Area Measurements (Number of :Poéiliﬁeli'- Correlated Vo

oxels), :L'alerality:'mmiienls', .
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Subject Right - Lo* 'L'_eu_- Right P(x3)

i . B4 Siog 44 " 186 15 85 <.001 (22.1)

2 b2 e T —15 g 3 94 <.001 (79.7)
8 33 130 43 106 ) 80 <.01(8.4)
4 gl .. —38 105 37 48 <.001 (55.9)
s 67 1290 e 8o 79 30 45 <.001 (41.2)
Mean R e il 116.2 19.4
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TNS indicates not significant.

BN COMMENT

These preliminary observations suggest that FMRI could
provide a noninvasive means of determining language lat-
eralization. Although the precise location of signal en-
hancement associated with semantic processing varied
from subject to subject, a general pattern of left frontal
and left posterior heteromodal activity was observed. Pat-
terns of lateralization seemed to be reproducible within
and across testing sessions, despite small variations in slice
positioning. Other investigators have also found FMRI
response patterns to be reproducible across sessions.?

The test devised for this study examined two dis-
tinct anatomic systems important to human language
function. Converging data from a variety of sources sug-
gest that unimodal auditory systems of the superior tem-
poral lobe decode the complex acoustic features found
in speech, presumably activating neural representations
of auditory speech at more abstract levels.' 2122429 [y ad-
dition to unimodal auditory processors, there likely ex-
ist supramodal language systems responsible for pro-
cesses that link input from diverse brain regions and
perform behaviorally relevant transformations and com-
putations between auditory and other codes.*® One ex-
ample important to language function is the learned as-
sociation of speech stimuli with various symbols, concepts,
mental images, and motor responses; these associations
and the processes by which they are activated by sen-
sory representations may be described as a “semantic sys-
tem.”*** While both auditory sensory processors and lin-
guistic cognitive systems have been investigated using
PET, the anatomic organization of the semantic system
underlying many complex language functions remains
uncertain."**

The preliminary results reported herein agree with
previous studies suggesting qualitative differences be-
tween the anatomic structures subserving these two lev-
els of auditory processing. Both of the tasks used were
complex, attention-requiring tasks that could be ex-
pected to activate a distributed network of cortical re-
gions. Our tone monitoring task required subjects to dis-
criminate high and low pitches, to store complex
instructions in verbal working memory, to monitor oc-
currences of a target tone, to mentally group sequences
of tones into discrete clusters, and to perform a motor

*LQ indicates laterality quotient, computed as 100X (left— right)/(left+right).

response according to learned verbal criteria. There were
also demands on global executive systems governing sus-
tained attention. The semantic monitoring task made simi-
lar demands on working memory, on the ability to group
acoustic stimuli into relevant sequences, on perfor-
mance of a simple motor act, and on sustained atten-
tion. Unlike the tone task, however, the semantic task
directed attention not to the auditory stimulus itself, but
to the stored semantic information (eg, verbal concepts,
mental images) associated with the stimulus through pre-
vious experience. The cognitive subtraction MRI method
eliminated areas used in common for both of these tasks,
permitting brain areas to be identified that were specifi-
cally associated with this semantic processing compo-
nent.

Our results agree with previous PET studies by
Petersen et al' suggesting participation of the left lateral
frontal lobe in semantic processing. The control task used
for subtraction in these PET studies was significantly dif-
ferent from ours and consisted of spoken repetition of
the same word stimuli used for the semantic task. This
control provides an ideal means of subtracting any ac-
tivity due to early auditory processing, since the same
acoustic stimuli are used for both tasks. Lesion cases have
shown, however, that repetition may occur as an invol-
untary, automatic response to speech input!’>*3% this task,
therefore, may not provide an adequate control for vari-
ous cognitive functions not specifically related to seman-
tic processing, including verbal working memory and sus-
tained attention. We sought to control for these task
requirements by using a relatively complex, attention-
requiring task for the control condition. The use of mean-
ingful word stimuli for the control task in previous stud-
les also could have adversely affected the results, since
some processing of semantic information occurs auto-
matically in the presence of meaningful stimuli even with-
out a subject’s conscious awareness of the stimulus con-
tent.’*>* We therefore chose for our control condition
simple auditory stimuli (pure tones) lacking a verbal se-
mantic context.

The similarity in left lateral frontal activation in our
and previous studies, despite differences in control con-
ditions, confirms a major role for this area in semantic
processing. This frontal localization is at odds, how-
ever, with classic concepts of fluent aphasia* and with
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Trial 1

Subject 1

Subject 3

ThM-Rest

Subject 2

SM-TM

Trial 2

Figure 4. Results of reproducibility studies in subjects 1 through 3. Aclivated areas are shown in black on the brain images. Observations in subjects 1 and 3
(fop half of figure) were within-session comparisons, in which the semantic monitoring—tone monitoring procedure was repeated without subject
repositioning. Observations in subject 2 (bottom half of figure) were made across scanning sessions, with simifar but not identical positioning of slices.
Repeated tests included both the tone monitoring—rest (TM-rest) and the semantic monitoring—tone monitoring (SM-TM) procedures.

numerous modern lesion studies suggesting semantic
knowledge deficits after posterior dominant temporal or
temporoparietal lesions.'®!'?*! Our semantic task also
showed signilicant activation in these more posterior ar-
eas, suggesting the importance of both left frontal and

left posterior polymodal areas in semantic processing.
Similar results have recently been reported in a PET study
by Démonet and colleagues’ using slightly different se-
mantic and control tasks. One explanation for this wide-
spread activity is that the [rontal and posterior regions

ARCH NEUROL/VOL 52, JUNE 1995

=00



may provide complementary functions in a distributed
network controlling semantic processing. Lesion
studies suggest that the left posterior components of this
network constitute sites of storage for highly structured
forms of semantic information.*** The left frontal
component, in contrast, may contain mechanisms facili-
tating access to this posterior information store. "+

UR RESULTS suggest that processing of

nonspeech stimuli for pitch and simple
sequence information (tone monitor-
ing task) activates bilateral auditory and
dorsolateral frontal cortices. We hy-
pothesize that the bilateral frontal activity observed in
this case is related to attentional and working memory
components of the task. The greater area of activity in
the right hemisphere in three of the subjects supports simi-
lar observations made using PET.* The specific compo-
nent of the tone monitoring task responsible for right lat-
eralization is uncertain from these data. Storage of pitch
information in nonverbal working memory may de-
pend primarily on right frontotemporal regions."*®

Our findings differ from those obtained by McCar-
thy et al'! from subjects performing a semantically me-
diated fluency task. This task reportedly produced bilat-
eral, symmetric inferior frontal activation (other brain
regions were not imaged), although activation occurred
only when responses were spoken aloud and not when
the task was “performed covertly.” Explanations for the
differences between this study and ours are tentative at
best. As noted by McCarthy et al, the dependence of sig-
nal enhancement on orofacial movement production sug-
gests a closer association with motor response systems
than with semantic processing. This could also explain
the lack of hemispheric lateralization observed by Mc-
Carthy et al that conflicts with PET studies using simi-
lar activation procedures.'? The axial slice selected by
McCarthy et al was located 8 mm below the anteropos-
terior commissural line, which would have been below
the major [rontal foci of activity observed in our sub-
jects.

Two limitations of the current study require com-
ment. The first of these is the restriction of image
acquisition to relatively lateral brain areas. Although
our methods have recently been updated to allow
whole-brain data acquisition, this preliminary study
was limited to four slices imaged during two scanning
sequences. As a result, we have no information regard-
ing more medial brain structures, such as the cingu-
late, paracingulate, and supplementary motor areas,
which may have been activated symmetrically or
asymmetrically during these tasks. Such activation
would not in principle alter the lateralization findings
of this study, which apply only to lateral convexity
structures.

A second limitation is the relatively low spatial
resolution of the functional images obtained in this
study. The voxel size was large enough that small (eg,
diameter <1 mm) regions of activity could have been
missed because of intravoxel signal averaging with
inactive tissue. Another consequence of this limitation

is that the size of venous structures responsible for sig-
nal enhancement remains uncertain. It is possible that
some voxels appeared “active” because they contained
large veins that drained active regions located some
distance away, rather than small intraparenchymal
venous structures."

Despite these limitations, our FMRI semantic
monitoring subtraction may prove useful as a nonin-
vasive indicator of language lateralization, potentially
replacing the intracarotid amobarbital (Wada) test™®
for this purpose. The FMRI procedure would be easier
to administer and repeat, and would offer considerably
lower risk to patients than the Wada test. In addition
to hemispheric lateralization information, the FMRI
procedure provides intrahemispheric localization
information that the Wada test does not furnish. Test-
retest reliability of the Wada test is not known or eas-
ily obtainable, whereas such measures could be
obtained for the FMRI test. We currently are testing
the procedure in a large number of right- and left-
handed normal subjects to assess reliability and nor-
mal variability, and in an abnormal population under-
going Wada tests to assess the degree of correlation
between these measures. The Wada test is also used in
many centers to measure laterality of memory func-
tions. To date and to our knowledge, there has been
no investigation of long-term verbal memory systems
with FMRI, although procedures for activating this
brain system will be required before FMRI can com-
pletely supplant the Wada test for clinical use.
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